Recent results from biochemical and genetic studies allow formation of a model for how synaptic vesicles are docked and fused with the presynaptic plasma membrane (for reviews, see Refs. 1-3). According to this model, named the SNARE 1 hypothesis, syntaxin and SNAP-25 on the presynaptic plasma membrane serve as t-SNAREs, whereas VAMP/synaptobrevin on synaptic vesicles serves as a v-SNARE. Syntaxin-1a and -1b were isolated as proteins interacting with synaptotagmin/p65, a synaptic vesicle membrane protein (4, 5). Syntaxin-1a was also identified as a surface protein of various neurons recognized by a monoclonal antibody, HPC-1 (6, 7). The t-SNAREs and v-SNARE first form a ternary complex followed by assembly of the NSF-SNAP system, eventually causing the docking and/or the fusion of the vesicles with the membrane.
1 hypothesis, syntaxin and SNAP-25 on the presynaptic plasma membrane serve as t-SNAREs, whereas VAMP/synaptobrevin on synaptic vesicles serves as a v-SNARE. Syntaxin-1a and -1b were isolated as proteins interacting with synaptotagmin/p65, a synaptic vesicle membrane protein (4, 5) . Syntaxin-1a was also identified as a surface protein of various neurons recognized by a monoclonal antibody, HPC-1 (6, 7). The t-SNAREs and v-SNARE first form a ternary complex followed by assembly of the NSF-SNAP system, eventually causing the docking and/or the fusion of the vesicles with the membrane.
SEC1 was isolated as a gene essential for vesicle transport in yeast (8) . Unc-18 and rop were identified as SEC1 homologs in Caenorhabditis elegans and Drosophila, respectively (9, 10 ). An unc-18 mutant inhibits neurotransmitter release from the presynaptic nerve terminals in Caenorhabditis elegans (11) , and a rop mutant shows a loss of normal synaptic response to a light stimulus in Drosophila (12) . Munc-18 was isolated as a syntaxin-binding protein and turned out to be a mammalian homolog of yeast Sec1p (13) . A mammalian homolog of yeast SEC1 was also isolated by the polymerase chain reaction method and named n-Sec1 and rbSec1 (14, 15) . These three genes, Munc-18, n-Sec1, and rbSec1, were identical. Munc-18 interacts with syntaxin with the highest affinity (K d Ϸ 80 nM) among all syntaxin-interacting molecules, and the interaction of Munc-18 with syntaxin inhibits the association of VAMP and SNAP-25 with syntaxin (16) . Overexpression of the syntaxinrelated proteins, Sso1p and Sso2p, suppresses a partial loss of SEC1 gene activity in yeast (17) . These results suggest that Munc-18 plays a central role in synaptic vesicle transport by regulating the formation of the NSF-SNAP⅐SNARE complex.
PKC was originally isolated as a Ca 2ϩ -and phospholipid-dependent protein kinase (18 -20) and exerts a wide range of physiological functions (for a review, see a Ref. 21) . The PKC family is divided into three types: conventional PKCs (␣, ␤, and ␥ isoforms), novel PKCs (␦, ⑀, , and isoforms), and atypical PKCs ( and isoforms) (21) . Of many functions of PKC, conventional PKCs are involved in Ca 2ϩ -dependent exocytosis in many types of secretory cells (for a review, see a Ref. 22) , including platelets (23), mast cells (24, 25) , and chromaffin cells (26 -28) . However, the mode of action of PKC in exocytosis has not been understood.
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Phosphorylation of Munc-18 by PKC-Phosphorylation of Munc-18 was performed in a reaction mixture (50 l) containing 50 mM Tris/HCl at pH 7.5, 6 mM MgCl 2 , 1 mM DTT, 50 mM imidazole, 0.06% CHAPS, 100
3 cpm/pmol), and the mixture of conventional PKCs at 30°C for the indicated periods of time. Where specified, each isoform was used. The amounts of His 6 -Munc-18, PKC, PS, and TPA in a reaction mixture were 30 pmol, 0.4 pmol, 0.5 g, and 100 nM, respectively, when not indicated. The reaction was stopped by the addition of 25 l of 3 ϫ Laemmli's buffer (34) . Each sample was subjected to SDS-PAGE followed by protein staining with a Coomassie Brilliant Blue and autoradiography. The radioactivity of each band was measured with Fujix BAS2000 Bioimaging Analyzer.
Inhibition by Syntaxin of the PKC-catalyzed Phosphorylation of Munc-18 -Forty pmol of GST-syntaxin-1a fusion protein, 30 pmol of His 6 -Munc-18, or both were preincubated at 4°C for 30 min in the PKC reaction mixture containing PKC, PS, and TPA, but no [␥- 32 
P]ATP. After the incubation, [␥-
32 P]ATP was added, and incubation was further performed at 30°C for 10 min. In one set of experiments, each sample was directly subjected to SDS-PAGE. In another set of experiments, after the phosphorylation reaction, the reaction mixture was incubated with 10 l of glutathione beads in the presence of 0.3% CHAPS at 4°C for 30 min, followed by centrifugation and extensive washing. The sample was then subjected to SDS-PAGE.
Inhibition of the Interaction of Munc-18 with Syntaxin by Its
Phosphorylation-Forty pmol of His 6 -Munc-18 was phosphorylated by PKC maximally for 30 min in the presence of Ca 2ϩ , PS, and TPA. Phosphorylated Munc-18 was incubated with 30 pmol of GST-syntaxin-1a bound to 10 l of glutathione beads in the presence of 1% CHAPS at 4°C for 30 min, followed by centrifugation and extensive washing. As a control, 40 pmol of His 6 -Munc-18 was incubated under the same conditions as described above except that [␥-32 P]ATP was excluded. The intensity of the bands in SDS-PAGE was determined by densitometry.
Determination of the Phosphorylation Sites of Munc-18 by PKC-Two hundred pmol of Munc-18 was phosphorylated by PKC as described above. Phosphorylated Munc-18 was resolved by SDS-PAGE, transferred to a polyvinylidene difluoride membrane and digested with Achromobacter protease I (35) . The digested peptides were subjected to a COSMOSIL C 18 column (Nacalai Tesque, Inc., Kyoto, Japan) pre-equilibrated with 0.1% trifluoroacetic acid. Elution was performed with a 80-ml linear gradient of acetonitrile (0 -65%) in 0.1% trifluoroacetic acid at a flow rate of 1 ml/min. The radioactivity of each peptide was counted. The amino acid sequences and phosphorylated residues of the radioactive peaks were determined as described (36) .
Other Procedures-Protein concentrations were determined with bovine serum albumin as a reference protein (37) . Proteins were separated by 10% SDS-PAGE (34) .
RESULTS

Phosphorylation of Munc-18 by PKC-Munc-18
has many consensus amino acid sequences for PKC, PKA, and CaMKII (for a review, see a Ref. 38 ). We first examined whether Munc-18 is phosphorylated by these protein kinases. Munc-18 was phosphorylated by the mixture of conventional PKCs in the presence of Ca 2ϩ and PS, but it was rarely phosphorylated by PKA or CaMKII (Fig. 1A) . Activities of these three kinases were confirmed using histone IIIss, myelin basic protein, and rabphilin-3A as respective substrates (data not shown). About 1 mol of phosphate was maximally incorporated into 1 mol of Munc-18 by PKC (data not shown). The K m value for Munc-18 was about 1 M (data not shown), which was comparable to that of the other substrates for PKC, such as histone (39) . Munc-18 was equally phosphorylated by each of ␣, ␤, and ␥ isoforms (data not shown).
Conventional PKCs are activated by Ca 2ϩ and PS, and this activation of PKCs is further enhanced by diacylglycerol or phorbol ester (20, 21) . Consistently, in the presence of both Ca 2ϩ and PS, Munc-18 was phosphorylated by conventional PKCs (Fig. 1B, lane 3) . In the presence of Ca 2ϩ or PS alone, Munc-18 was not phosphorylated at all (Fig. 1B, lanes 1 and 2) . TPA, a PKC-activating phorbol ester, further enhanced the Ca 2ϩ -and PS-dependent phosphorylation of Munc-18 (Fig. 1B,  lane 4) .
Determination of the Phosphorylation Sites of Munc-18 by PKC-Munc-18 was fully phosphorylated with [␥-
32 P]ATP and was completely digested with Achromobacter protease I. The digest was subjected to C 18 column chromatography. More than thirty peptide peaks were observed ( Fig. 2A) . When the radioactivity of each peak was measured, two major (Peak-1 and -2) and two minor peaks were detected. The amino acid sequences and the phosphorylated residues of the two major peaks were determined. The two minor peaks were too small to be analyzed. Peak-1 and -2 were derived from Peptide-1 and -2, respectively, as shown in Fig. 2B Munc-18 was phosphorylated by conventional PKCs in the absence and presence of GST-syntaxin-1a. The phosphorylation of Munc-18 dramatically decreased in the presence of GST-syntaxin, compared with that in the absence of GSTsyntaxin (Fig. 3, A and B, lanes 2 and 3) . GST-syntaxin itself was not phosphorylated (Fig. 3, A and B, lane 1) . GST alone did not affect the phosphorylation of Munc-18 (data not shown). GST-syntaxin did not affect the PKC-catalyzed phosphorylation of another substrate, histone IIIss (data not shown). To confirm that Munc-18 complexed with syntaxin was not phosphorylated by PKC, the Munc-18 samples phosphorylated by PKC in the absence and presence of GST-syntaxin were separately incubated with glutathione beads, and the proteins bound to the beads were subjected to SDS-PAGE followed by protein staining and autoradiography. When the phosphorylation was performed in the absence of GST-syntaxin, the Munc-18 protein molecule was very faintly detected in the beads, and the phosphorylation in the Munc-18 bound to the Phosphorylation of Munc-18/n-Sec1/rbSec1 7266 beads was slightly detected (Fig. 3, A and B, lane 4) . These results indicate that the Munc-18 protein molecule nonspecifically interacts with the syntaxin-free beads to a very small extent. However, when the phosphorylation was performed in the presence of GST-syntaxin, a significant amount of Munc-18 was detected in the beads, but the phosphorylation in the Munc-18 bound to the beads was not detected at all (Fig. 3, A  and B, lane 5) . These results indicate that the Munc-18 complexed with GST-syntaxin is not phosphorylated by PKC.
We performed another experiment to confirm that the Munc-18 complexed with GST-syntaxin was not phosphorylated by PKC. Munc-18 was first incubated with GST-syntaxin1a-bound glutathione beads, followed by centrifugation and extensive washings. The Munc-18 bound to the GST-syntaxin beads was incubated with conventional PKCs in the same way as described above, but no phosphorylation of Munc-18 was detected (data not shown).
Inhibition of the Interaction of Munc-18 with Syntaxin by Its
Phosphorylation-Finally, we examined whether the phosphorylation of Munc-18 affects its interaction with syntaxin. Munc-18 was incubated with conventional PKCs in the absence and presence of [␥-32 P]ATP, and incubated with GST-syntaxin1a-bound glutathione beads. Free Munc-18 and the Munc-18 bound to GST-syntaxin beads were separated by centrifugation and quantitated by SDS-PAGE followed by protein staining and autoradiography. The amount of the Munc-18 bound to GST-syntaxin observed after the incubation with [␥-32 P]ATP was about 20%, whereas that observed after the incubation without [␥-32 P]ATP was about 65% (Fig. 4, A and C) . Of the 32 P radioactivity incorporated into Munc-18 after the incubation with [␥-32 P]ATP, less than 10% was found in the GST-syntaxin beads, whereas more than 90% was recovered in the supernatant (Fig. 4, B and D , or both, contributes to the inhibition of the interaction of Munc-18 with syntaxin. This region may be involved in the interaction with syntaxin, and Munc-18 may function as a key regulator in the NSF-SNAP-SNARE system through the phosphorylation of this region.
We have not studied here whether the PKC-catalyzed phosphorylation of Munc-18 indeed occurs in intact neuron, because we have not yet succeeded in making a good antibody to precipitate Munc-18. However, our present results have raised several possible physiological functions of the PKC-catalyzed phosphorylation of Munc-18: 1) the phosphorylation of Munc-18 may block its re-interaction with syntaxin, after it dissociates from syntaxin, thus eventually facilitating the formation of the NSF⅐SNAP⅐SNARE complex; 2) Munc-18 has been shown to be widely distributed in the axon and not to be restricted to the nerve terminals (41) . A majority of membranebound Munc-18 is not complexed with syntaxin (41) . These results suggest that Munc-18 plays another role and that there is a mechanism to cause this distribution. The PKC-catalyzed phosphorylation of Munc-18 may be involved in this mechanism; and 3) the phosphorylation may confer a novel characteristic on Munc-18 to interact with an unknown protein and to perform an unknown function. Further studies are necessary to establish the physiological function of the PKC-catalyzed phosphorylation of Munc-18.
